ABSTRACT: The grazing effect of heterotrophic nanoflagellates (HNF) and ciliates on bacterial production (BP), as well as their growth rates, was studied in winter, spring and autumn 2001 during the French research project Programme Océan Multidisciplinaire Méso-Echelle (POMME) in the northeast Atlantic Ocean (38 to 45°N, 16 to 22°W). The variability of different parameters studied appears to be largely controlled by the seasonal and latitudinal gradients of primary production rather than the strong eddy activity at the mesoscale level in the area. Heterotrophic microbial abundance, biomass and protistan grazing varied temporally, presenting highest values during the phytoplankton bloom, during the spring period and following the northward propagation of the bloom. HNF biomass integrated over the upper 100 m was highest in spring (270 to 850 mg C m -2 ). Ciliate integrated biomass was generally ≤160 mg C m -2 except in a Tintinnus sp. bloom in a northern anticyclonic eddy (A1) in spring when it reached 637 mg C m , respectively. The fraction of BP consumed by ciliates was generally <10% except in the anticyclonic eddy A1 in spring during a tintinnid bloom when it reached 37% of BP. In conclusion, our data revealed that HNF can remove a large fraction of bacterial production in the northeast Atlantic Ocean (83 ± 27%, average of all sampling sites and seasons). Ciliates transferred less carbon to higher trophic levels than did HNF; however, episodic high occurrence of large bacterivorous ciliates, primarily tintinnids, increased the role of theses organisms as C-links in the microbial food web.
INTRODUCTION
Heterotrophic bacteria, a crucial component of marine food webs, are predominant in the transformation and mineralization of dissolved organic carbon (DOC). Recent models based on large scale oceanic data have shown that the ratio between bacterial and primary production ranges from 2 to 10% in the cold and temperate climate zones, to 40% in the oligotrophic equatorial regions (Hoppe et al. 2002) . It is, therefore, an important step towards the establishment of biogeochemical models within oceanic ecosystems that the amount of carbon that flows through bacterial grazers (protists) is accurately quantified.
The quantity of bacterial carbon channeled to higher trophic levels is a function of both foodweb structure and the conversion efficiencies of the grazers. Numerous studies have shown that small heterotrophic nanoflagellates are the dominant consumers of bacteria in different aquatic systems. We now know that a significant part of bacterioplankton production (BP) is grazed by flagellates 2 to 20 µm in size (Fenchel 1982 , Vaqué et al. 1992 , Christaki et al. 2001 . The interposition of a series of smaller grazers between bacteria and the mesozooplankton results in the dissipation of large amounts of bacterial carbon. Seemingly, ciliate bacterivory represents a shortcut between bacteria and higher consumers. A microbial foodweb model established by Ducklow (1991) showed that the amount of BP transferred to mesozooplankton is twice as important when it is directly ingested by ciliates and passes from 5 to 13%.
Ciliate ingestion of particles < 2 µm has been demonstrated in laboratory experiments (e.g. Fenchel 1980 ). Ciliate bacterivory in situ has been well documented in freshwaters where small species (mostly < 30 µm) numerically dominate ciliate communities (2imek et al. 1995) . The studies documenting individual ciliate bacterivory in marine waters are scarce and deal mainly with coastal (e.g. Sherr et al. 1989) or estuarine waters (e.g. Vaqué et al. 1992) ; while the percent of BP ingested directly by larger protists has rarely been estimated (Rivkin et al. 1999 , Christaki et al. 2001 , Vaqué et al. 2002 . These authors have measured the consumption of bacteria by protists based on disappearance of fluorescently labeled bacteria (FLB) over long time incubations (24 to 48 h) or with the dilution technique in size-fractionated seawater. Neither of these methods permits the measurement of the grazing effect of individual consumers. Also, to the best of our knowledge, no study exists estimating the percentage of BP ingested by ciliates based on the individual ciliate uptake of bacteria in oceanic waters. Finally, information on growth rates of natural assemblages of protists is scarce (Verity et al. 1993 , Neuer & Cowles 1994 mainly because of the absence of a direct method of measurement and the inconvenience of the indirect methods (Gifford & Caron 2000) .
The present study was conducted within the framework of the French research project Programme Océan Multidisciplinaire Méso-Echelle (POMME), designed to investigate the coupling of dynamical and biological processes in the northeast Atlantic Ocean, with an emphasis on the role of modal waters on the export of biogenic matter (www.lodyc.jussieu.fr/POMME/). Until now, Maixandeau et al. (2005) have shown that small organisms (picoautotrophs, nanoautotrophs and bacteria) are the main organisms contributing to biological fluxes throughout the year. Additionally, according to net community production (NCP) data, autotrophy dominates in winter and spring, while a balanced system prevails in autumn. Protist herbivory on Synechococcus, Prochlorococcus, pico-and nanoeukaryotes shows an important seasonal and spatial variability and could explain up to 94% of the consumption of the primary production in the area ). The present study aims to provide additional information on the heterotrophic processes that influence carbon flow in the area, by quantifying the grazing effect of HNF and ciliates on BP as well as on their growth rates at the mesoscale level and on a seasonal scale (winter, spring and autumn).
MATERIALS AND METHODS
Study site and environmental conditions. Sampling was conducted from February to October 2001, with 3 oceanographic cruises on board the RVs 'Atalante' and 'Thalassa'. The sampling area was centered on 41.5°N, 19°W in the northeast Atlantic Ocean between the Iberic Peninsula and the Azores Islands (Fig. 1 ). This area is characterized by a strong and well organized eddy activity at the mesoscale level. Measurements were made at 4 individual stations during winter (POMME 1, February to March), spring (POMME 2, April to May) and autumn (POMME 3, September to October). Each station was located in a different hydrological structure. These hydrological structures are defined by letters (A: anticyclonic eddy, C: cyclonic Fig. 1 . Study area of the POMME project (38 to 45°N, 16 to 22°W) and the location of sampling sites (S1 to S4) during winter (P1), spring (P2) and autumn (P3) in 2001. For hydrological structures related to the stations, see comm.) . Three hydrological structures during POMME, one cyclonic (C4) and 2 anticyclonic eddies (A1 in the north and A2 in the south), persisted and were sampled during the different seasons while others were transient (Table 1) .
A frontal structure at 41°N (Fig. 1 ) separated the study area into productive and oligotrophic waters in the north and the south, respectively. A clear increase in primary production was observed between winter and spring ; however, the contribution of large diatoms to the phytoplankton bloom was generally low, except at the northern eddy A1 where a Pseudo-nitzschia sp. bloom was observed in spring and references therein). Satellite derived data of surface ocean chlorophyll (SCHL) showed a northward propagation of the bloom in spring between March and May (Lévy et al. 2005) . The mean temperature at 5 m was approximately 14°C in winter (P1) and spring (P2), while highest values were recorded in autumn (P3, 21°C). The mixed layer depth (Table 1) varied strongly between sampling sites reflecting their particular characteristics as well as the latitudinal variations (Maixandeau et al. 2005) . The euphotic zone was relatively constant during P1 and P2 (40 to 60 m) and reached over 80 m during P3 (Maixandeau et al. 2005) .
Ciliate, HNF and bacterial standing stocks. Sampling was always conducted at midday. For ciliate enumeration, 200 to 250 ml samples were taken from the upper 100 m at 9 different depths (5, 10, 20, 30, 40, 50, 60, 80 and 100 m) and fixed with acid Lugol's solution (final concentration 0.4%). The samples were analyzed at 400× with an Olympus IX-70 inverted microscope. Ciliate abundances were converted into biomass using appropriate geometric formulae and a carbon conversion factor of 190 fg C µm -3 (Putt & Stoecker 1989) . Details of the preceding protocol are described in Karayanni et al. (2004 Karayanni et al. ( , 2005 . Nanoflagellate samples (20 to 30 ml) were preserved with ice-cold glutaraldehyde (final concentration 1%) and enumerated using an Olympus AX-70 PROVIS epifluorescence microscope at 1000× after staining with 4', 6-diamidino-2-phenylindole dihydrochloride (DAPI Bacterial abundance was determined using flow cytometry as described by Thyssen et al. (2005) . Prefiltered seawater (100 µm mesh size net) was preserved with 2% paraformaldehyde, frozen on board and stored in liquid nitrogen. Before analysis samples were thawed at room temperature and bacteria nucleic acids were stained to become fluorescent upon excitation with an air-cooled 488 nm argon laser. Preparation of fluorescently labeled prey and grazing experiments. Fluorescently labeled bacteria (FLB) were prepared from cultures of Brevundimonas diminuta (formerly Pseudomonas diminuta) as described by Vázquez-Domínguez et al. (1999) . Brevundimonas diminuta (provided by D. Vaqué) was cultured on Luria-Bertani agar and harvested after 2 to 3 wk of incubation at 19°C so that starved small-sized cells were obtained (1.07 µm length, 0.29 µm width, 0.064 µm 3 volume; Vázquez-Domínguez et al. 1999 ). Approximately 30 colonies were suspended in 10 ml of phosphate buffer saline (PBS) and sonicated at 60 W until bacterial aggregates were completely disrupted. Cells were harvested by centrifugation at 9500 × g for 5 min, resuspended in PBS, then incubated for 2.5 h at 60°C with 5-(4, 6-dichlorotriazin-2-yl) aminofluorescein (DTAF) at a final concentration of 0.2 mg ml -1
. The labeled suspensions were centrifuged and washed with PBS to clear discoloration of the DTAF. For the last washing step, seawater filtered on 0.2 µm pore-size filters was used. FLB, at the concentration of 10 8 cells ml -1 , were stored in 1 ml aliquots at -20°C until used. To study protist grazing on bacteria, 1.2 l water samples were inoculated with FLB at 'tracer' concentrations (10 4 FLB ml -1
, ≤10% of natural bacterial abundance). FLB were sonicated for 2 to 3 min prior to addition, which provided sufficient time for them to completely disperse. Samples for ciliate (250 ml) and nanoflagellate (20 ml) vacuole content analysis were removed initially at time = 0 (t 0 ) and after 15 and 30 min. Ciliate samples were fixed immediately with 2% borated formalin and stored at 4°C prior to analysis. FLB inside ciliates were enumerated at 400× with an Olympus IX-70 inverted microscope under blue light excitation. Loss of cells due to fixation with formalin was compensated for by applying a correction factor derived by counts of cells stained in Lugol's solution (Karayanni et al. 2004) .
Nanoflagellate samples were fixed with 2% ice-cold glutaraldehyde, filtered onto 2 µm black filters, stained with DAPI and stored at -20°C. Vacuole content was analyzed using an Olympus AX-70 Provis epifluorescence microscope at 1000× under blue light excitation. Grazing experiments were carried out near surface (5 m) and close to the in situ fluorescence maximum (40 to 60 m) at all sites. Ingestion rates were obtained by multiplying FLB uptake by the ratio of bacteria abundances to the added FLB. For ingestion rate estimates, the 15 min incubation time was considered as adequate, because after 30 min the average number of FLB per predator was either constant or had already leveled off. Based on ingestion rates and protist abundances and considering a 15 fg C bacterium -1 conversion factor (Caron et al. 1995) , total carbon consumption was calculated as ng C l
. This conversion factor is intermediate compared with those adopted in previous studies conducted in the North Atlantic Ocean, the extremes being 7 fg C cell -1 (Zubkov et al. 2000a) and 20 fg C cell -1 (Ducklow et al. 1993 ). HNF and ciliate growth rates. Protist growth rates were estimated in fractionated seawater incubations. In winter (P1), incubations were conducted only at the surface (5 m), while in spring (P2) and autumn (P3) they were conducted both at the surface (5 m) and at the maximum fluorescence depth (40 to 60 m). For HNF, the water was filtered through a 10 µm polycarbonate Nuclepore filter (147 mm) in a gravity filtration device (Bailey's Plastic Fabrication) to screen out larger organisms. The filtered water was then transferred in duplicate polycarbonate 2 l bottles. For ciliates, seawater was gently screened through 64 µm. All bottles were placed in an on-deck incubator with circulating surface seawater under a screen at 50% in situ irradiance. Growth experiments lasted 48 h and samples for protist counting were taken at 24 h intervals.
Growth rate (μ d -1
) was determined according to Frost (1972) :
where N t and N 0 are the number of cells at time t and time 0. Protist production (P, µg C l
) was estimated as:
where B is the biomass (µg C l -1
) and μ the growth rate (Eq. 1).
The carbon demand (CD, µg C l
where P is the production (Eq. 2) and Y the growth yield, equal to 40% (Ducklow 1983 , Fenchel 1986 ). Bacterial production. Bacterial production (BP) was measured at 8 (P1 and P2) or 9 (P3) different depths (5, 10, 20, 30, 40, 50, 60, 80 and 100 m) in the 0 to 100 m water column by 3 H-leucine incorporation according to the microcentrifugation technique as described in Van Wambeke et al. (2002) . At each depth, 1.5 ml duplicate samples and a control were incubated with a mixture of L-[4, 5- ) and non-radioactive leucine, added at final concentrations of 7 nM and 13 nM, respectively, and incubated in the dark at in situ temperature. After 2 to 4 h, incubation was terminated by the addition of 200 µl trichloracetic acid (5% final concentration). Concentration and time kinetics were carried out during the different cruises. For time kinetics, incorporation of leucine with time was measured for up to 4 h at 5 m depth on 3 occasions (1 per cruise), and up to 9 h at 100 m depth (on one occasion during P3) and was found to be linear. Concentration kinetics were also carried out to check for isotopic dilution, with a set of concentrations added from 2 to 40 nM (2, 5 10, 20 and 40 nM). From the 4 concentration kinetics tested at 5 m depth (1 during P1, 1 during P2, 2 during P3), isotopic dilution (ID) factor with 20 nM additions of leucine was 1.09, 1.04, 1.12 and 1.06, respectively. At 100 m depth, it was done only once during P3 and ID was 1.05. We therefore considered isotopic dilution to be insignificant for all our data sets and used the conversion factor after Kirchman (1993) of 1.55 ng C per pmol leucine incorporated. Radioactivity was measured using a Packard 1600 TR counter calibrated for tritium quenching directly on board the ship. Diel periodicity of BP and BP grazing were not considered in the present study; all incubations (those for BP and those for bacterial grazing) were made with the same water sample taken at noon.
RESULTS

Ciliate, HNF and bacterial standing stocks
The bacterial abundance varied by an order of magnitude, from 10 5 to 10 6 cells ml ) occurred at the surface (5 m) of the southern anticyclonic eddy (A2, S1) in spring. In autumn (P3), abundances were always of the order of 10 5 cells ml -1
. Flow cytometry distinguished 2 bacterial subpopulations from their low (LNA) and high (HNA) nucleic acid contents. LNA bacteria represented 58 ± 13, 72 ± 6 and 55 ± 14% (means ± SD reported throughout) of total heterotrophic bacteria abundance during P1, P2 and P3, respectively. HNF densities ranged from 20 tõ 3800 cells ml -1 during the 3 POMME cruises. Maxima were found at subsurface (20 to 30 m) at the saddle point (S3) and the eddy A1 (S4) in spring. Mean HNF abundance over the study area was similar in winter and autumn (960 ± 60 and 970 ± 180 cells ml -1 , respectively). In spring, the mean value increased and presented higher variability (1900 ± 700 cells ml ) in spring. Overall, mean ciliate abundance in the POMME area averaged 560 ± 260, 740 ± 400 and 160 ± 40 cells l -1 during P1, P2 and P3, respectively. The naked ciliate assemblage was dominated by aloricate species of the orders Oligotrichida and Choreotrichida: Strombidium spp., Laboea strobila, Tontonia spp. The taxonomic composition of loricate species (order Choreotrichida, suborder Tintinnna) was dominated by Dictyosysta spp. and Codonellopsis sp. in winter (P1) and Tintinnus sp. in spring (P2). In autumn (P3) we found the largest number of loricate species (>17), but the lowest number of individuals. However, no particular species dominated the tintinnid assemblage. Biovolumes of different taxa identified in the samples ranged from <10 3 to >10 5 µm 3 . During the POMME cruises, bacteria, HNF and ciliate biomasses ranged from 2 to 33, <1 to 12 and <1 to 9 µg C l -1 , respectively (0 to 100 m). For all heterotrophs, maxima occurred in spring (P2). The total microbial heterotrophic biomass integrated over the upper 100 m averaged 1643 ± 366 mg C m -2 in winter (P1, Fig. 2A ). An important increase of mean biomass was recorded in spring (P2, 2562 ± 930 mg C m -2 ), which was mainly associated with the northern anticyclonic eddy A1 (S4) where biomass increased by a factor of 2.8 between P1 and P2 ( Fig. 2A) . Autumn was characterized by the lowest biomass, representing 951 ± 337 mg C m and bacteria (BACT) to total heterotrophic biomass as (A) mg C m -2 and (B) percent at different sampling sites (S1 to S4) and hydrological structures in winter (P1), spring (P2) and autumn (P3). Data are integrated over the upperBacteria were always the most important component of the heterotrophic assemblage, representing more than 62% of total heterotrophic biomass integrated over the upper 100 m (Fig. 2B) . HNF constituted 11 ± 5% of the total heterotrophic biomass in winter and autumn, and 21 ± 7% in spring. The HNF biomass always exceeded that of ciliates ( Fig. 2A,B) . The contribution of ciliates to the total heterotrophic biomass was always less than 9%, except at the eddies C4 (S2) and A1 (S4) in spring, where it reached 12 and 16%, respectively (Fig. 2B) . The ciliate community was dominated by naked oligotrich taxa (hereafter referred to as oligotrichs) except at the northern anticyclonic eddy A1 (S4) in spring where loricate species, mainly of the genus Tintinnus, represented > 70% of the integrated ciliate abundance and biomass.
HNF and ciliate growth rates and production
HNF growth rates varied from 0.2 to 0.7 d ) in spring. This latter eddy was the only one where tintinnid production was greater (2.5-fold) than that of the oligotrichs. HNF production ranged from 24 to 372 mg C m -2 d -1 and was always higher than that of ciliates.
Bacterial production
In winter (P1), BP was low (23 ± 7 ng C l -1 h -1
) and was distributed evenly over the upper 60 m (Fig. 3) . In spring (P2), vertical profiles of BP followed the northward thermal stratification of the surface layer. In particular, BP was higher in the upper 30 m of the southern anticyclonic eddy A2 (S1), the cyclonic eddy C4 Fig. 3 ). See Table 1 for abbreviations (S2) and the saddle point (S3), but was distributed more homogenously in the northern anticyclonic eddy A1 (S4, Fig. 3 ). During P2, BP reached its maximum (112 ng C l -1 h -1 , A2) and averaged 52 ± 34 ng C l -1 h -1 over the 4 sampling sites. In autumn (P3), BP dropped to winter levels (22 ± 11 ng C l -1 h -1
). Vertical profiles showed higher bacterial carbon production at the surface between 0 and 30 m (Fig. 3) . BP integrated over the upper 100 m varied slightly during P1 and P3, ranging from 43 to 58 and 36 to 57 mg C m -2 d -1
, respectively (Fig. 4) . Integrated BP increased by over 85% from winter (P1) to spring (P2) in each of the 3 eddies that were sampled during both seasons (A1, C4, A2). During P2, the highest depth-integrated BP was recorded at the northern eddy A1 (S4, 127 mg C m -2 d -1
) whereas the lowest value was recorded at the southern eddy A2 (S1, 81 mg C m -2 d -1
).
Ciliate and nanoflagellate bacterivory
HNF ingestion rates of bacteria varied between 0.67 and 3.40 bacteria protist -1 h -1 during the 3 POMME cruises (Table 2) . Ingestion rates for oligotrichs ranged from 32 to 1167 bacteria protist -1 h -1 and for tintinnids from 24 to 1295 bacteria protist -1 h -1
. The highest values were always measured in spring (P2). For HNF and oligotrichs, maxima were associated with the southern anticyclonic eddy A2 (S1) where the highest bacterial abundance was recorded (2.2 × 10 6 bacteria ml -1
). Maximum tintinnid ingestion rates on bacteria occurred at the eddy A1 (S4) during the Tintinnus sp. bloom.
Total bacterivory and BP integrated over the upper 100 m are presented in Fig. 4 . Integrated bacterivory showed a weak spatial variability in winter (P1) and ranged from 43 to 49 mg C m -2 d -1 except in the north (A1, S4) where it was slightly lower (31 mg C m -2 d -1
). Bacterivory increased in spring by factors of 1.6, 2.8 and 6.8 in A2, C4 and A1, respectively (P2, Fig. 4) . The lowest integrated value of bacterial consumption was recorded in A2 in the south (76 mg C m -2 d -1
), whereas the highest was related to the eddy A1 in the north (212 mg C m -2 d -1
). In autumn (P3), integrated bacterivory was lower than in winter, except at the cyclone C4 where it remained similar (46 mg C m -2 d -1
). Generally, during the POMME cruises bacterivory balanced with BP (Fig. 4) . Bacterivory accounted for a lower amount of integrated BP at the eddy A1 (57%) in winter and the eddies A31 (45%) and C4 (boundaries, 46%) in autumn (Fig. 4) . Bacterivory exceeded BP in 3 sampling sites; the eddy A2 in winter (115%), the saddle point (119%) and the eddy A1 (167%) in spring (Fig. 4) . Ciliates always accounted for a minor part of total bacterivory (≤10% of integrated BP), except during the Tintinnus sp. spring bloom at the eddy A1 (37%). (7) 773 ± 364 (6) 1600 ± 990 (8) 94 ± 77 (7) 156 ± 203 (6) 1.86 ± 0.21 (8) 369 ± 316 (7) 613 ± 398 (6 
DISCUSSION
Heterotrophic microbial abundance, biomass and protistan grazing varied temporally, presenting their highest values during the phytoplankton bloom during spring (P2) and following the northward propagation of the bloom. Moreover, data from sediment traps have also shown that the biological functioning of the studied structures was largely controlled by the south-north gradient of production in relation with the depth of the mixed layer and the seasonality (Goutx et al. 2005) .
Bacterial densities recorded during the POMME cruises were slightly higher than in previous seasonal studies conducted in the northeast Atlantic Ocean (e.g. Buck et al. 1996 , Zubkov et al. 2000b , Bode et al. 2001 , see also the review article of Marañón et al. 2007 ). In particular, bacterial abundance reached 2.2 × 10 6 cells ml -1 in spring (P2) and 1.1 × 10 6 cells ml -1 in autumn (P3), whereas maximal values reported in previous studies were 1.3 × 10 6 (Zubkov et al. 2000b ) and 5.9 × 10 5 cells ml -1 (Bode et al. 2001) , respectively. Summer values reported in earlier studies were intermediate compared with our spring and autumn data and reached 1.5 × 10 6 cells ml -1 (Buck et al. 1996) . Maximal values similar to these (2.2 × 10 6 bacteria ml -1 , A2 during P2) have been found in the oligotrophic Sargasso Sea (Fuhrman et al. 1989 ). Integrated bacterial biomass increased 1.5-and 3-fold in the 2 anticyclonic eddies (A2 and A1, respectively) between winter and spring. Bacterial abundance and biomass in A2 was probably enhanced by the increased availability of organic matter that occurs during the declining phase of a phytoplankton bloom. Indeed, it is likely that at the southern eddy A2 sampling was conducted during this late stage, as the spring bloom in the POMME area was initiated in the southwest between February and March, and migrated to the north afterwards. High bacterial biomass and production in A1, where the Pseudo-nitzschia sp. bloom was recorded, suggests that bacteria were positively responding to phytoplankton derived DOM, creating new biomass. Despite the high bacterial abundance, bacterial production in the POMME area was lower than that reported in earlier studies (≥100 mg C m -2 d -1
, e.g. Lochte & Pfannkuche 1987 , Ducklow et al. 1993 . Low BP during POMME was probably related to the high proportion of inactive (low nucleic acid) bacteria (62 ± 13%, all data included) as was previously suggested by Vaqué et al. (2001) . Furthermore, other sources of discrepancies may arise from the different techniques applied in the previous studies, leucine (this study) and thymidine incorporation (Ducklow et al. 1993) , and the frequency of dividing cells (Lochte & Pfannkuche 1987) .
HNF and ciliate abundance and biomass as well as the taxonomic composition of the ciliate assemblage were comparable with those previously reported for the northeast Atlantic Ocean (see Karayanni et al. 2005 and references therein for details). HNF biomass integrated over the upper 100 m was lower than 200 mg C m -2 in winter and autumn. In spring, HNF biomass ranged from 270 to 850 mg C m -2
. Spring values compared well with those found in a North Atlantic Ocean upwelling event by Fileman & Burkill (2001) , while winter values are close to those reported for the associated oligotrophic offshore waters. Tintinnid abundance and biomass recorded in the A1 (S4) in spring are the highest yet reported for the northeast Atlantic Ocean. High ciliate stock, associated with increased tintinnid biomass, has also been reported for the subarctic Pacific Ocean (Sime-Ngando et al. 1992 ) and the Southern Ocean (Christaki et al. 2008) . Also, there is evidence that tintinnids characterized by short generation times proliferate in high trophic conditions (Lam-Hoai et al. 2006) . Data on nanophytoplankton abundance and biomass in A1 are lacking. However, the Pseudo-nitzschia sp. bloom indicates that this site can support high phytoplankton biomass, which probably triggered the opportunistic feeding behavior of tintinnids.
Among the various methods applied to measure protistan grazing on bacteria (e.g. dilution experiments, radioactively labeled bacteria, disappearance of minicells), uptake of fluorescently labeled preys (FLP) is the most commonly used. The use of FLBs as bacterial surrogates has known limitations, such as disturbance of the sample and underestimation of bacterial losses by selection of prey. This technique has been widely discussed in previous studies (e.g. Vázquez-Domínguez et al. 1999 , Vaqué et al. 2002 . Aside from these methodological limitations, we believe our results validate a winter-spring-autumn pattern with a higher grazing rate in spring. Furthermore, the ingestion technique (direct counts of FLB inside digestive vacuoles) identifies the grazers. Finally, the size of FLB compared with natural bacterioplankton can be one of the limitations of this method. Data from different oceanic provinces have shown an average bacterial size of 0.049 to 0.07 µm 3 for Antarctic waters (Vaqué et al. 2002) and 0.06 to 0.08 µm 3 for the Mediterranean Sea (Vaqué et al. 2001 ). According to Vázquez-Domínguez et al. (2005) , Table 3 ). Low HNF ingestion rates can be attributed to relatively low bacterial concentrations. Indeed, during the POMME cruises, bacterial abundance was less or equal to the lower limit of the half-saturation constants calculated by Fenchel (1982) for different HNF species (1.3 × 10 6 to 3.8 × 10 9 bacteria ml -1 ), indicating a food limitation on ingestion rates. In addition, Vaqué et al. (2002) showed that HNF bacterivory increased with prey concentration, which supports our results.
Ciliate ingestion rates (32 to 600 bacteria protist
) overlap with values found in earlier studies (Table 3) . Considerably higher rates, comparable with those recorded in a eutrophic freshwater ecosystem (2imek et al. 1995) , were measured in eddies A2 and A1 in spring (>10 3 bacteria protist -1 h -1
). Several researchers have reported that a minimal bacterial concentration exists, above which ciliates may present significant grazing activity on bacteria (e.g. Fenchel 1980) . While the exact level of this threshold is under question, our findings show that predation on bacteria increased when prey abundance was of the order of 10 6 ml -1 (e.g. anticyclonic eddies A2 and A1). Data on clearance rates of ciliates on bacteria in situ are scarce. The lower rates recorded here (mostly < 500 nl protist -1 h -1
) fall within the range of values previously reported for different aquatic environments (Table 3) . However, the highest value measured during the tintinnid bloom (1410 nl protist -1 h -1 in A1) is 3.5-fold higher than those reported by Gonzalez et al. (1990) in an estuary (Table 3) . Fenchel (1980) ) is also considered as the maximum clearance rate of ciliates in situ (Dolan & McKeon 2005) .
Although bacterial ingestion rates were much lower for HNF than for ciliates, HNF accounted for > 78% of the total bacterial carbon consumed (in mg C m -2 d -1 ) in the upper 100 m. Overall, total protist bacterivory balanced or even exceeded BP in most of the sampling sites visited during the POMME cruises (Fig. 4) . Existing field data have shown that bacterivory plays an important role in the fate of BP in different oligotrophic systems, such as the Sargasso Sea (Caron et al. 1999) , the eastern Mediterranean (Christaki et al. 1999) or the stratified tropical/subtropical and temperate waters of the Atlantic Ocean (Zubkov et al. 2000a , Vázquez-Domínguez et al. 2005 , accounting for 40 to 100% of it. The fraction of BP lost through bacterivory exceeded 100% in spring at the saddle point (SP, S3) and the northern anticyclonic eddy A1 (S4), where the highest integrated abundance and biomass of HNF and/or ciliates were recorded (Figs. 2 & 4 . VC = vacuole content, D = prey disappearance, BACT = bacteria, FLB = fluorescently labeled bacteria, FLM = fluorescently labeled minicells located in the more productive north domain of the POMME area, which seems to support higher protist abundance and biomass that, in turn, exert higher grazing pressure on BP. The role of viruses on the fate of BP was not addressed in this or in previous studies conducted in the area. The only available data concern the mesotrophic western Atlantic Ocean where Hewson & Fuhrman (2007) estimated that bacterial production lost to virus lysis ranged between <1 and 27%. Although further research on the role of viruses is needed, these results reinforce our findings that grazing, rather than virus infection, exerts a strong control on BP, as also suggested by Vázquez-Domínguez et al. (2005) for the oligotrophic central Atlantic Ocean.
Information on growth rates of natural assemblages of protists is limited mainly because of the absence of a direct method of measurement and the inconvenience of the indirect methods involved (i.e. time consuming counting, possible cell loss during fractionation and bottle effect; Gifford & Caron 2000 , Verity et al. 1993) . Carbon fluxes within the microbial food web are summarized in Fig. 5 at the 4 selected characteristic situations (A1 and C4 in winter and spring) where a low (< 4%, A1 in winter and C4 in spring), an intermediate (10%, C4 in winter) and a high (37%, A1 in spring) percentage of BP is consumed directly by ciliates. Bacterial production, as well as HNF and ciliate biomass, increased from winter to spring in both eddies, while that of heterotrophic bacteria increased in A1 but decreased 22% in C4.
In the northern eddy A1, loricate species (mainly Tintinnus sp.) dominated the ciliate assemblage, accounting for more than 70% of ciliate abundance and biomass. Grazing experiments indicated that these species ingested small heterotrophic bacteria and were the main bacterivores within the ciliate assemblage, consuming ~30% of BP.
Protist carbon demand was calculated assuming a growth efficiency (GE) of 40% (Ducklow 1983 , Fenchel 1986 ). Bacterial ingestion accounted for 23% (C4, winter), 35% (A1, winter), 48% (C4, spring) and 18% (A1, spring) of the HNF carbon demand and <10% of that of ciliates (Fig. 5) . In a recent study by Karayanni et al. (2005) , HNF and ciliate ingestion rates on pico-and nanophytoplankton were measured in the POMME project area. Considering both herbivory and bacterivory, total ingested carbon (Synechococcus, Prochlorococcus and heterotrophic bacteria) met HNF carbon demand in both the anticyclonic eddy A1 in winter (P1) and the cyclonic eddy C4 in spring (P2, Fig. 5 ). For ciliates, total ingested carbon (Synechococcus, photosynthetic eukaryotes < 4 µm and heterotrophic bacteria) exceeded carbon demand in the anticyclonic eddy A1 in spring (Fig. 5) . However, in some cases (i.e. cyclonic eddy C4 in winter), protist carbon demand was somewhat higher than total ingested prokaryotic and eukaryotic carbon measured in grazing experiments. It is most likely that in these cases other carbon sources (e.g. larger phytoplankton or DOM) contributed to their diet.
CONCLUSIONS
Our data showed that HNF can remove a large percentage of BP in the northeast Atlantic Ocean (83 ± 27%, average of all sampling sites and seasons). However, since heterotrophic nanoplankton (HNF) is potential prey for ciliates, then up to 52% of BP (A1 in spring) could be transferred to ciliates via HNF (i.e. [0.4 growth efficiency × BP grazed by HNF] ÷ BP). Episodic blooms, such as that of tintinnids recorded in the northern anticyclonic eddy A1 in spring, may represent a food web shortcut within the microbial food web and considerably increase the amount of BP that is available to higher consumers (e.g. copepods). For example, we found that the percentage of BP that is available to copepods through direct ciliate bacterivory varies between 0.7 and 14.8% in the 3 sites, which represent low (A1 in winter), intermediate (C4 in winter) and high (A1 in spring) consumption on bacteria, respectively (GE = 40%). This shows that the consumption of BP by ciliates may represent a considerable pathway through which bacterial biomass may reach higher consumers in the northeast Atlantic Ocean.
Overall, our data showed that ciliate ingestion rates overlap with values found in fresh, coastal or estuarine waters. However, due to their low abundance, ciliate bacterivory accounted for a low percentage of BP, except during a tintinnid bloom when a large fraction of BP (37%) was consumed by ciliates. Although our results showed that ingestion of bacteria by ciliates is possible in oceanic waters, further studies are needed to elucidate the extent (Is it a generality or a peculiarity?) of this phenomenon and its real ecological significance. 
